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ABSTRACT
Two senarios have been proposed for evolution of star forming ores: grav-
itational fragmentation of larger strutures and oalesene of smaller entities
whih are formed from some instabilities. Here, we turn our attention to the lat-
ter idea to investigate the evolution of observed low-mass ondensations (LMCs)
in the ores of moleular louds. For this purpose, we implement the evolution of
the observed LMCs of Taurus moleular loud 1 (TMC-1). The ore is modeled
as a ontrating ylinder with randomly spawned ondensations in the middle
region around its axis. For advaning bodies in their trajetories, we represent
the aeleration of a partiular LMC in terms of a fourth-order polynomial using
the preditor-orretor sheme. Whenever two LMCs ollide, they are assumed
to be merged in one large ondensation ontaining all the masses of the two pro-
genitors. Implementations of many omputer experiments with a wide variety
of the free parameters show that the LMCs merge to form star-forming regions
in the ore. The results show that the total mehanial energy of the ore in-
reases by time, and its rate of inreasing dereases by failitating the merger.
Finally, the mass spetrum index and goodness-of-t are determined with 50%
error in the number of mass points. The results show that the goodness-of-t
will be rened at the end of simulations, and the mass spetrum index inlines to
the observed values for the moderate mass objets. The simulations show that
the TMC-1 turns about 40% of its mass into luster of dynamially unstable
protostellar ores. In general, we suggest that the future of LMCs in a ore of
moleular loud is merger to onvert about half of its initial masses into a luster
of gravitationally unstable protostellar ores.
Subjet headings: ISM: louds { ISM: evolution { stars: formation { Methods:
numerial.
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1. Introdution
Star formation appears to our exlusively within the moleular phases of the inter-
stellar medium (see, e.g., Klessen et al. 2009). Moleular louds exhibit extremely omplex
hierarhial struture, with olumn densities that vary by many orders of magnitude. The
smallest divisions are nominated as protostellar ores, with masses of a few solar mass or less
and sizes of few tenth parses or less (e.g., Stahler and Palla 2004). The advent of sensitive
tools and advaned observational methods in the last deade has made it possible to perform
high-resolution surveys to interior of the individual ores (e.g., Tafalla 2008). In this way,
many of embedded ondensed objets within eah ore have been revealed that we all them
low-mass ondensations (LMCs). Although a lot of these have reently found by the Spitzer
2d projet (e.g., Lee et al. 2009), but we doument this researh on the pioneer report of
Peng et al. (1998, hereafter PLVKL) who presented observational data on the small-sale
struture of the Taurus Moleular Cloud 1 (TMC-1) in the regime of 0:02   0:04p and
0:04 0:06M

. This preferene is beause of many small groups and assoiations of star for-
mation in the Taurus moleular loud that provides it as an important test-plae for theories
and models (Hartman 2002).
The formation mehanisms of LMCs are not well understood. In fat, two shemes
have been proposed: gravitational fragmentation of larger strutures and merger of smaller
fragments. Preserving the latter mehanism requires some suitable theoretial models for
the formation of the smaller entities in the loud. One model that may be regarded is the
eet of turbulene, although estimations of the level of turbulene in the moleular ores
give subsoni values (e.g., Myers 1998, Lee et al. 2004, Andre et al. 2007). As another
idea, van Loo et al. (2007) implemented a two-dimensional simulation with the idea that
the mehanism ausing substrutures is the same as the mehanism ausing ore formation
(i.e., hydromagneti waves). The appeared substrutures in their simulation are aurately
onformed to the observed substrutures of ore D of TMC-1. Although, the dynamial
models like turbulene or hydromagneti waves an be onsidered as soures of substrutures
in dense ores, but we must not neglet some non-dynamial proesses and instabilities suh
as thermal instability (e.g., Fukue and Kamaya 2007, Nejad-Asghar 2007, Nejad-Asghar and
Molteni 2008, Banerjee et al. 2009, Nejad-Asghar and Soltani 2009). In any ase, formation
of a system of LMCs in eah protostellar ore is a ontroversial issue. In this researh, we
have nothing to do with the formation issue of LMCs, rather we attempt to model their
future. Sine, our aim is to present a realisti model for future evolution of LMCs, we use
the data of PLVKL for LMCs in the ore D of TMC-1. The results may approximately be
appliable to all ores with a system of LMCs.
The high-resolution investigation in the southeastern part of the TMC-1, whih was
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done by PLVKL, overs an elongated 8
0
 8
0
area in the sky, or 0:32p at the distane of
140p. The emission in this region originates in three narrow omponents entered on Loal
Standard of Rest (LSR) veloities of  5:7,  5:9, and  6:1km:s
 1
. These omponents
eah represent a separate ylindrial feature elongated along the ridge of TMC-1. Among
the three veloity omponents, PLVKL identied a total of 45 LMCs with masses in the
range of 0:04   0:06M

and sizes of 0:02   0:04p. PLVKL suggested that thermal and
turbulent pressures of the ambient gas of the ore may ontribute to keep these LMCs
pressure bond so that the dispersion time of LMCs is omparable to the moleular loud's
lifetime  10
6
yr (e.g., Tan et al. 2006). Typial inow veloities in the protostellar ores are
of order 0:05   0:1km:s
 1
(Lee et al. 1999), whih is omparable to the results of PLVKL
for the random motion of order 0:05km:s
 1
among the LMCs. We suggest the gravitational
fore between LMCs an inuene the future of them. On the other words, over the lifetime
of LMCs, they are more likely to be subjet to merge beause of subsoni ollisions with
eah other rather than to travel intat along the ore. Investigating this future is the task
of this researh.
In fat, modeling future evolution of LMCs in protostellar ores adequately requires
the aurate and simultaneous treatment of many dierent physial proesses. Here, we try
to overome the omputing limitations by using an adapted N-body method, in whih the
magneti eld, shok waves, heating and ooling proesses are ignored. The eet of ambient
gas on motion of eah LMC is assumed to be only a drag fore as outlined by Ostriker (1999).
Whenever two LMCs approah eah other, the result of interation is determined aording
to presribed rules, whih have been numerially examined by many authors (e.g., Lattanzio
and Henriksen 1988, Gittins et al. 2003, Kitsionas and Whitworth 2007). The simulations, in
general, show that in subsoni ollisions with small impat parameter, the outome is always
a merger. Burkert and Alves (2009) have reently used this idea to simulate the future of
the two LMCs in the protostellar ore Barnard 68. Their simulation shows that merger of
these two sub-ores will lead to gravitational instability. Thus, merger of LMCs might in
general play an important role in triggering star formation and shaping the moleular ore
mass distribution.
It seems that using a suitable gravitational N-body method for evolution of LMCs in the
ore D of TMC-1, and using a parametri method for onsidering the merger of them, an
give us some aeptable progress for future of the observed LMCs in the moleular ores. For
this purpose, setup of omputer experiments with initial positions and veloities of LMCs in
the ore D of TMC-1 are introdued in setion 2. Advaning the LMCs in their trajetories,
onsidering of merger, and the results of simulations are presented in setion 3. Finally,
setion 4 devotes to a summary and onlusion.
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2. Setup of omputer experiments
We hoose the units of length and time as u
l
= 310
14
m = 0:01p and u
t
= 1:510
4
yr,
respetively, therefore the unit of veloity is u
v
= 0:67km:s
 1
. The mass unit is hosen as
u
m
= 210
30
kg = 1M

so that the gravitational onstant is G = 1. Eah LMC in the ore D
of TMC-1 is assumed to be a sphere with average radius R = 3:3910
 2
(b
maj
b
min
)
1=2
u
l
where
a distane of 140p is used, and b
maj
and b
min
are major and minor axes in ar-seonds,
respetively, whih are listed in Table 1 of PLVKL. The radii of the 45 LMCs and their
masses at the present time, t = 0, are shown in Fig. 1. If we assume that the LMCs are
pressure onned, self-gravitating isothermal gas spheres in hydrostati equilibrium, we an
approximately adopt the relation R  18:7M10
 M
between the radius and mass of them in
units of u
l
and u
m
, respetively (see Appendix A).
The region that analyzed by PLVKL is an 8
0
8
0
area of the TMC-1 whih is equivalent
to 0:32p for the loud at distane of 140p. The distribution of integrated intensity of the
three omponents b (blue), m (middle), and r (red) are mapped in Figure 2 of PLVKL.
Overall, maps show an elongated appearane, whih may represent a ylindrial struture
for the ore. In this way, we onsider a parent ore in a ylindrial geometry with length
45u
l
and diameter 15u
l
. The LMCs of blue (b) and middle (m) omponents are distributed
along the length of ylinder, while the LMCs of red (r) omponent are approximately plaed
in three quarter of the length. We divide the realm of eah LMC by some subdivisions along
the length of the parent ore, and then its enter is randomly plaed into these subdivisions.
The azimuth angle for position of eah LMC is randomly determined between 0 to 2, and its
axial distane is randomly hosen between f
in
R
0
and f
out
R
0
where R
0
= 7:5u
l
is the radius of
ylindrial ore. Aording to the best mathes to the depited maps of Figure 2 of PLVKL,
the frations f
in
and f
out
are obtained approximately equal to 0:4 and 0:7, respetively (see
Fig. 2).
As shown in Table 1 and 2 of PLVKL, the speed of LMCs have a small dispersion
about the mean with a standard deviation of 0:03km:s
 1
= 0:045u
v
. On the other hand,
Lee et al. (1999) show that the typial inow veloities in the moleular ores are of order
0:05 0:1km:s
 1
. Thus, here we assume the speed of eah LMC, v, to be randomly generated
in the range of 0:03  0:1km:s
 1
. The veloity vetor has two omponents: a radial part v
r
toward the enter of the ore, and a transverse omponent v
?
. As depited in Fig. 3, the
veloity in the x
0
y
0
z
0
-oordinate is given by
v
0
=
^
i
0
v
?
os'
0
+
^
j
0
v
?
sin'
0
+
^
k
0
v
r
; (1)
where '
0
is the azimuth angle.
We introdue two free parameters for veloity vetor: (1) the transverse veloity param-
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eter  so that v
?
= v and v
r
=
p
1  
2
v, and (2) the inlination parameter  so that the
azimuth angle '
0
is randomly produed between =2. In this way, the veloity vetor v
0
for eah LMC is determined whenever the values of these two free parameters are appointed.
Sine, the oordinate x
0
y
0
z
0
is obtained via two suessive rotations of xyz,
R
y
0
( + )R
z
(') =
0

  os  0 sin 
0 1 0
  sin  0   os 
1
A
0

os' sin' 0
  sin' os' 0
0 0 1
1
A
; (2)
the veloity vetor v in xyz-oordinate an be determined by
v = [R
y
0
( + )R
z
(')℄
 1
v
0
: (3)
Eah LMC within the aggregate of bodies in the parent ore experienes an aeleration
that arises from two soures: (1) the gravitational attrations of other LMCs,
a
(i)
grav
=  
N
X
j=1;j 6=i
GM
j
(r
i
  r
j
)
jr
i
  r
j
j
3
; (4)
and (2) a drag fore from ambient gas,
a
(i)
drag
=  
4
3
G
2

o

3
s
M
i
v
i
; (5)
where 
0
and 
s
are the mass density and sound speed of the ambient gas in the parent ore,
respetively (Ostriker 1999).
The desription of the problem is now ompleted by speied aelerations for all the
LMCs. Thus, the position of the bodies an be advaned by an aurate N-body method.
Whenever the impat parameter of two olliding LMCs, with radii R
i
and R
j
, is less than
(R
i
+ R
j
)=, they are assumed to be merged in a one larger ondensation with radius 
18:7M10
 M
(see Appendix A), ontaining all the mass of the two progenitors (M = M
i
+M
j
).
The ollision is assumed to be perfetly inelasti so that the position and veloity after merge
are given by
r =
M
i
r
i
+M
j
r
j
M
i
+M
j
; (6)
and
v =
M
i
v
i
+M
j
v
j
M
i
+M
j
; (7)
respetively. Note that the properties of the models in eah omputer experiment are om-
pletely ontrolled by three key parameters , , and .
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3. Results of simulations
Determining the new positions of the LMCs at a somewhat advaned time is deeptively
simple in appearane, but a slight arelessness an lead to a omplete hange of long-term be-
havior. Here, we use the method of Aarseth (2003) for advaning LMCs in their trajetories.
This method is a version of a preditor-orretor sheme, whih pivots on representing the
aeleration of a partiular body of index i at time t in terms of a fourth-order polynomial
based on knowledge of the aeleration at four previous times in the past, t
0
, t
1
, t
2
, and t
3
,
with t
0
being the most reent,
a(t) = (((D
4
(t  t
3
) +D
3
)(t  t
2
) +D
2
)(t  t
1
) +D
1
)(t  t
0
) + a
0
; (8)
where a
0
= a
grav
+ a
drag
is the aeleration at time t
0
. Using ompat notation, the rst
three divided dierenes are dened by
D
k
[t
0
; t
k
℄ =
D
k 1
[t
0
; t
k 1
℄ D
k 1
[t
1
; t
k
℄
t
0
  t
k
; (k = 1; 2; 3); (9)
where D
0
= a and square brakets refer to the appropriate time intervals. The term D
4
is
dened similarly as
D
4
=
D
3
[t; t
2
℄ D
3
[t
0
; t
3
℄
t  t
3
; (10)
whih the preditor orretor method is used to obtain quantities at the advaned time t
that information is not initially available.
When the aeleration of eah LMC is alulated from (8), one an immediately integrate
with respet to time obtaining its veloity and then again to obtain the position. The key
idea underlying to do is determining a suitable time-step. A simple method for estimating
the time-step for eah LMC involves the distane and the relative veloity with respet to
its nearest neighbor. Here, we adopt the more sophistiated relation
4t
i
= 

jajja
(2)
j+ ja
(1)
j
2
ja
(1)
jja
(3)
j+ ja
(2)
j
2

1=2
; (11)
where  is a dimensionless auray parameter ( 0:01 in our omputer experiments), and
the supersript in parentheses is the order of the derivative (i.e., a
(1)
= da=dt, and so on).
The properties of models in the omputer experiments are ompletely ontrolled by
three key parameters: transverse veloity omponent 0 <  < 1, axial inlination of the
veloity vetor 0    2, and merger parameter   4. Simulations with dierent values of
these free parameters show that in any ase, the LMCs merge to form more massive larger
bodies. The results, as expeted, show that dereasing of the three parameters , , and 
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leads to failitating the merger of LMCs and formation of star-forming regions in the parent
ore. With typial values of  = 0:1,  = 1:0, and  = 4:0, the number of LMCs, N , and
the mean mass,
P
M
i
=N , at dierent simulation time are shown in Fig. 4.
In a perfetly inelasti ollision between two LMCs whih leads to merger, the kineti
energy dissipates and the two-body potential energy approahes to zero. Thus, in eah tow-
body merger, the total mehanial energy inreases. This fat is shown in Fig. 5 for three
values of the merger parameter , in whih the parameters  and  are hosen equal to 0:1
and 1:0, respetively. As an be seen in this gure, the total mehanial energy of a system of
LMCs, whih are initially gravitationally bond, inreases by time until it approahes to zero
at a ritial time t

. Afterwards, the system will be gravitationally unbound. Fortunately,
this ritial time is less than the lifetime of LMCs so that the results of our omputer
experiments, in this simplest implementation, are reliably fruitful at t  t

. The rate of
inreasing of the total mehanial energy of a system of LMCs, in onsequene of merger,
dereases by dereasing of the parameters , , and . On the other words, the ritial
time t

inreases by failitating the merger of LMCs in the omputer experiments. The
omputer experiments show that the eet of the parameters  and  on the ritial time
t

is negligible, although the results indiate that dereasing of the transverse parameter 
and inlination parameter  an failitate the merger of LMCs and leads to little inreasing
of ritial time t

.
The mass spetrum of lumps in giant moleular louds appear to be well desribed by
a power law,
dN
dM
/M
a 1
; (12)
with the index being in the range  1:8 < a   1 <  1:3 (e.g., Kramer et al. 1998). When
onsidering the protostellar ores, the mass funtion is well desribed by a double power law
t, following approximately a   1   2:5 above  0:5M

and a   1   1:5 below (Motte
et al. 1998, Testi and Sargent 1998, Johnstone et al. 2001, Johnstone et al. 2006, Alves et
al. 2007). There an also be found a power law mass funtion in the low-regime of brown
dwarfs (Thies and Kroupa 2008). Overall, the anonial mass funtion with ondene
found so far is a power law funtion with universality hypothesis that it onstitutes the
parent distribution of all stellar populations (Kroupa 2008).
In the low-mass regime of LMCs, PLVKL exluded the lowest and highest mass points
to study the mass distribution of these small entities by using a power law t, logN =
a logM + onst:, with a   0:45. They indiated that the orresponding mass spetrum
index a   1 =  1:45 is in reasonable agreement with those obtained by observational data
analysis of stellar populations. Here, we assume that there is approximately 50% error in the
number of LMCs (4(logN)  j log(1:5)j), and the mass spetrum index a 1 is evaluated in
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the simulation time. The results of this linear t and its goodness-of-t (Press et al. 1992)
q = Q

N   2
2
;

2
2

(13)
where Q is the inomplete gamma funtion and 
2
is hi-square, are given in Fig. 6. This
gure shows that the goodness-of-t will be rened at the end of simulation, and the mass
spetrum index inlines to the expeted values for the moderate mass populations. Fig. 7
shows the histogram of the mass distribution of LMCs at present time, and at the simulation
time t  1:5  10
5
yr for  = 0:1,  = 1:0, and  = 4. At present time, there is only one
unstable ollapsing LMC, while at the end of simulation, there are ve unstable LMCs.
Thus, the simulation shows that the ore D of TMC-1 will be a luster of ve gravitationally
unstable protostellar ores with masses  3 0:8 + 2 0:7 = 3:8M

.
4. Summary and onlusion
Star formation is a great theme in astronomy today, and speial attention is attributed
to the formation of low-mass stellar groups. Large ground-based telesopes and urrently
ative satellite observatories have revealed many low-mass ondensations (LMCs) in the
moleular ores. It seems that the ollisions and merger of these LMCs may lead to formation
of moderate mass objets and eventually to formation of small groups of stars within the
parent ore. Here, we made a try to investigate the future of these LMCs. For this purpose,
as an exellent test-plae, we applied the observed substruture fragments in the ore D of
TMC-1, whih their radii and masses at the present time are shown in Fig. 1.
Initial positions of LMCs in the ylindrial parent ore are depited in Fig. 2, in whih
their initial axial distanes are randomly hosen between 0:4R
0
and 0:7R
0
where R
0
is the
radius of ylinder. The observations show that the LMCs have infall veloities in the sub-
soni regime. Here, we assumed that there is two free parameters for the veloity vetor of
LMCs: transverse omponent parameter  and axial inlination parameter . The radial and
transverse omponents of the initial veloity vetor of eah LMC are shematially shown in
Fig. 3. The aeleration (gravitational attration and drag fore) of LMCs are represented
in terms of the fourth-order polynomial, and we used a merger parameter  to state the
oalesene of them.
There are three key parameters , , and  whih ontrol the properties of a model in
the omputer experiments. The results of omputer experiments with a wide variety of these
parameters show that overall the LMCs merger to form more massive larger bodies. As a
diret result of merge, the number of LMCs dereases by time, and their mean mass inreases
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as shown in Fig. 4 for a typial model. As another result of merger, the total mehanial
energy of a system of LMCs inreases by time until it approah to zero at a ritial time t

.
This ritial time inreases by failitating the merger of LMCs whih arose by dereasing of
the parameters , , and  (Fig. 5).
At last, the mass distribution of LMCs are evaluated in the simulation time, and the
results of a power law t and its goodness-of-t, with 50% error in the number of mass points,
are shown in Fig. 6. On the whole, the results show that a system of LMCs in a low-mass
protostellar ore merge to form small groups of star-forming regions. The simulations show
that the ore D of TMC-1 turns about 40% of its mass into luster of dynamially unstable
protostellar ores. In general, we suggest that the future of LMCs in a ore of moleular loud
is merger to overt about half of its initial masses into a luster of gravitationally unstable
protostellar ores. Clearly, over the ollapse of eah unstable protostellar ore in the luster,
the mass onversion drops to few perent, onsistent with the overall star formation eÆieny
of moleular louds in the Galaxy. Although, the results of this researh are dedued from
simulation of LMCs in the ore D of the TMC-1, but an reliably be appliable for future of
all moleular ores with a system of LMCs.
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A. Radius-mass relation for LMCs
We suppose that LMCs are pressure onned, self-gravitating isothermal gas spheres in
hydrostati equilibrium, whih onform the Lane-Emden equation,
1

2
d
d


2
d 
d

= exp(  ) (A1)
where the dependent variable   =
2
s
is dened as the ratio of gravitational potential to
the isothermal sound speed, and   (4G

=
2
s
)
1=2
r is the nondimensional length where 

is
the entral density at r = 0. The equation (A1) an be solved numerially by the boundary
onditions  (0) =  
0
(0) = 0, then the density prole an be obtained by  = 

exp(  ).
Sine we assume that eah LMC is onned by an external pressure p
ext
, its edge with radius

max
an be determined by the ondition (
max
) = p
ext
=
2
s
. In this way, the nondimensional
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mass m  (p
1=2
ext
G
3=2
=
4
s
)M of eah LMC is given by
m =

4


(
max
)


2
d 
d

=
max
: (A2)
The Fig. 8 shows the density ontrast 

=(
max
) and radius of pressure-bounded isother-
mal spheres as a funtion of nondimensional mass. Masses smaller than the ritial value
m = 1:18 are stable while ones with 
max
> 6:5 (or equivalently 

=(
max
) > 14:1) are
gravitationally unstable so that may ollapse. Here, we approximately use the linear t-
ted relations to express the numerial results of stable states of Fig. 8 (in the range of
0 < m < 1:18) as follows:

max
= 5:51m; log
10



(
max
)

= 0:97m: (A3)
There is a variety range of densities reported in the TMC-1. For instane, around
the yanopolyyne peak, Shloerb et al. (1983) and Bujarrabal et al. (1981) found moleular
hydrogen densities of 5 1010
4
and 1 310
4
m
 3
, respetively, both from multi-transition
studies of HC
3
N . Pratap et al. (1997) found that over most of the TMC-1 ridge the density
was relatively uniform with a value of approximately 6  10
4
m
 3
. PLVKL used the CCS
olumn densities to distinguish LMCs with an H
2
densities of  a few 10
4
m
 3
. Here, we
apply an appropriate mean value of  5 10
4
m
 3
for the ambient gas of the TMC-1, thus
we have
R = 1:7

T
10K

n

5 10
4
m
 3

 1=2

max
(A4)
and
M = 0:5

T
10K

3=2

n(
max
)
5 10
4
m
 3

 1=2
m (A5)
for radius and mass of eah LMC in units of u
l
and u
m
, respetively. Eliminating the m
between (A4) and (A5) by using the linear approximations (A3), and hoosing T = 10K and
n(
max
) = 5 10
4
m
 3
for TMC-1, we approximately have
R  18:7M10
 M
: (A6)
In this way, the dimensional radius an diretly be obtained via equation (A6) for merged
stable LMCs with total mass M
i
+M
j
< 0:5 1:18. Thus, not only the dimensional radius
of the merged LMCs are obtained, but also its ondition for ollapse an be heked.
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Fig. 1.| The radii of the 45 LMCs in the ore D of TMC-1 and their masses at the present
time t = 0 are shown as the blak squares. The urve is the funtion R = 18:7M10
 M
whih
is explained in the Appendix A.
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Fig. 2.| Initial positions of LMCs in the ylindrial ore D of TMC-1. They are grouped
by their LSR veloity omponents, with designations by b (blue), m (middle), and r (red)
referring to the 5:7, 5:9, and 6:1km:s
 1
, respetively. The ylindrial parent ore is rotated
in this gure so that it an be easily ompared to the Figure 2 of PLVKL. Here, the frations
f
in
and f
out
are assumed to be 0:4 and 0:7, respetively.
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Fig. 3.| Shemati diagram of the radial and transverse omponents of the initial veloity
vetor of eah LMC. The origin of x
0
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0
z
0
-oordinate is plaed on the LMC, and the origin of
xyz-oordinate is assumed to be at the enter of the ore.
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Fig. 4.| (a) Number of LMCs, and (b) the mean mass of them versus the simulation time,
for  = 0:1,  = 1:0, and  = 4.
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) and the nondimensional radius of pressure-bounded
isothermal spheres as a funtion of nondimensional mass. The dashed lines are approximately
linear relations to the numerial results for the gravitationally stable 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